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larger contribution.

An environmental friendly photocatalyst, goethite in the presence of H,0,, was used to remove Cefradine
from aqueous solution. Four factors were examined using Box-Behnken Design and results were
analyzed by response surface method. H,O, concentration had the largest effect on Cefradine removal
and the optimal reaction conditions were: H,0, concentration, 4 mmol/L; solution pH, 5; goethite
dosage, 1.2¢g/L and illumination time, 9h. Experimental data on Cefradine removal under optimal
conditions closely coincided with model predictions, validating the model. Hydroxyl radicals (*OH) and
superoxide anion were involved in the Cefradine photodegradation process and that *OH makes the

© 2019 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

Introduction

Cephalosporins (CEPs) are increasingly the preferred antibiotics
for both human diseases and animal infections [1]. The detection
frequency of CEPs in aquatic environment is increasing due to their
extensive use and, in some cases, overuse [2]. CEPs enter the
environment through pharmaceutical manufacturing processes,
hospital effluents [3] and industrial farming [4]. Because residual
CEPs and metabolites in both water [5-10] and soil [11,12] pose
risks to public health and the environment, developing removal
methods is important.

Several techniques have been used to eliminate CEPs from
water and wastewater, including chlorination [13], oxidation
[14-18], adsorption [19-21], photolysis [22-24], and advanced
oxidation processes (AOPs) [25-30]. Photocatalytic AOP is a
preferred method due to high efficiency and safety. Hydroxyl
radicals (*OH) are produced and react with a wide variety of
organic pollutants to produce CO, and H,0 [31-33]. A few studies
have reported on the removal of CEPs by photocatalytic AOP, but
either used an expensive catalyst [28,30] or required UV light
activation [25-27,29]. Goethite is a promising alternative for CEP
degradation as it is abundant, biocompatible and activated by
visible light.
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Goethite (a-FeOOH) is one of the most thermodynamically
stable iron oxides, an abundant mineral frequently found in ores,
sediments and soils [34]. Studies on goethite reveal that it can act
as a Fenton-like catalyst and photocatalyst. Goethite is not an
efficient photocatalyst due to recombination of photogenerated
carriers, but H;O, increases catalytic efficiency [34,35]. For
example, several authors have reported that the goethite/H,0,
system catalyzes the oxidation of methyl orange [36], p-
chloronitrobenzene [37], 2-chlorophenol [35], and p-nitrophenol
[38]. Its application for pharmaceutical degradation of amoxicillin
[39] and paracetamol [40] has recently been reported. Goethite is a
low cost, efficient photocatalyst for organic pollutant degradation.
Further, because goethite is widespread in the soil environment, it
has been exploited for in situ remediation of soil and groundwater
by adding H,0- to initiate Fenton-like reactions [41].

In this study, Cefradine (CRD), a first generation cephalosporin
antibiotic, was selected as the model pollutant. It has been used
extensively in human and veterinary medicine because of good
activity against gram-positive bacteria [42]. CRD has been detected
in a wide range of aqueous matrices [2] and its photolysis products
illicit a chronic toxic response in freshwater algae [43]. In 2016,
Chen et al. [26] used pure TiO, and carbon quantum dots/TiO,
nanocomposite for photo-degradation of CRD under UV light. CRD
removal of 70-75% was achieved in 60 min, at pH 2.85 or pH 9.46.
Hydrolysis contributed significantly to CEP removal as the
hydrolysis rate is relatively high under acidic or basic conditions
[2]. The need for pH adjustment and UV light both limit application
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of this degradation method. This study explores a low-cost, green
removal method using the goethite/H,0, system to degrade CEP.

Parameters affecting the photocatalytic efficiency of the
goethite/H,0, system include the initial catalyst concentration,
solution pH, H,0, concentration and illumination time. A
statistical approach, using the response surface methodology
(RSM) with a Box-Behnken Design (BBD) was used to analyze the
effect of varying each parameter. In this case, a four factorial Box-
Behnken Design was used to analyze and optimize the photo-
catalytic system. The objective of this study was to address three
questions about the goethite/H,0, system: (1) How much does
each factor contribute to CRD removal? (2) What factor most
affects the photodegradation efficiency of CRD? (3) What are the
optimal conditions and mechanism for CRD removal.

Materials and methods
Reagents

Cefradine (CRD) was procured from Ehrenstorfer GmbH (99.0%).
Acetonitrile and formic acid (HPLC grade) were obtained from
Sigma-Aldrich Co., Ltd. Goethite (a-FeOOH, 60.9% Fe) was
purchased from Sigma-Aldrich Co. The structure of goethite was
confirmed by X-ray diffraction (XRD, D/max 2500, Rigaku, Japan)
with Cu-Ka radiation (A =1.5406A) at room temperature. Mor-
phology and surface properties were observed using a scanning
electron microscope (SEM, JSM-7500F, JEOL, Japan). The UV-vis
diffuse reflectance spectrum (UV-vis DRS) was recorded on a
Shimadzu UV 3100 spectrophotometer.

Photocatalytic degradation procedures

The photodegradation of CRD in the goethite/H,0, suspension
was carried out using a series of 100 mL photo-reaction tubes in
an XPA photo-reactor (Xujiang Electromechanical Plant, Nanjing,
China) with a 400 W metal halogen lamp (>420nm). Each tube
received 30mL of a suspension containing CRD (10 mg/L) and
goethite (0.5, 1.0 or 1.5 g/L), with initial pH (5, 6 or 7) adjusted
using HC104 (0.1 mol/L) or NaOH (0.1 mol/L). CRD was set a 10 mg/
L because this concentration resulted in appropriate kinetics.
Prior to photocatalysis, the suspensions were placed in the dark
for 30min to allow adsorption of CRD by goethite to reach
equilibrium. The reaction was initiated by adding H,O, to the
reaction mixture and turning on the halogen lamp. To monitor
degradation, 1 mL aliquots were removed at specified times,
filtered (0.22 wm) and immediately analyzed for CRD. CRD was
determined using HPLC-UV (HPLC-1220, Agilent) at 262 nm with
a Kromasil Cig column (4.6 mm x 250 mm, 5 um, temperature

110 Goethite
35
s
2
@
[
2
=

JCPDS: 29-0713

T |l I"
0 10 20 30 40 50 60 70 80 90

2theta (Degrees)

Table 1
Range and levels of the independent variables used in the BBD model.

Independent variable (unit) Factor Level

Low (-1) Medium (0) High (1)
H,0, concentration (mmol/L) X 1 3 5
pH Xa 5 6 7
Goethite dosage (g/L) X3 0.5 1.0 1.5
[llumination time (h) X4 6 8 10

30°C) and a mobile phase consisting of acetonitrile and 0.5%
formic acid (18:82, v/v, 1.0mL/min). All experiments were
performed in duplicate.

The primary reactive oxygen species (ROS) during photo-
catalysis was identified by adding selective scavengers to the
degradation reaction mixture. Isopropanol (IPA, 10 mmol/L) was
added to scavenge the hydroxyl radical (*OH) and benzoquinone
(BQ, 10 mmol/L) to scavenge the superoxide radical (0,*").

Response surface design

The Design Expert V.8.0.6 software was applied in the Box-Behnken
Design (BBD) of the experiment and performed response surface
modeling, statistical analysis and optimization. The experimental
design consisted of four independent parameters, each at three levels.
The CRD degradation rate (Y) was the response variable, while H,0,
concentration (X;, mmol/L), pH (X;), goethite dosage (X3, g/L) and
illumination time (X4, hour) were chosen as the independent variables.
CRD degradation was carried out using 29 combinations of the four
reaction parameters. The variables and levels of the BBD model are
shown in Table 1, with level ranges based on preliminary experiments.
Analysis of variance (ANOVA) was used to evaluate the CRD
degradation variables. The interactions between the dependent and
independent variables can be fitted to a mathematical second-order
polynomial model as expressed in Eq. (1):

Y=58+ Z BiXi + Z :Biixiz + Zﬁijxixj (1)

Where, Y=predicted response (CRD degradation rate, %);
Xi, Xj=dimensionless coded independent variables; g, =model
constant coefficient; p;=linear coefficients, ;= quadratic coeffi-
cients and g; = interaction coefficients.

Results and discussion
Catalyst characterization

Fig. 1 shows the XRD pattern and SEM image for the goethite
used in this study. All XRD peaks matched the standard diffraction

Fig. 1. XRD pattern (a) and SEM image (b) of the investigated goethite.
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Fig. 2. UV-vis DRS (A) and the according band gap calculated (B) of goethite sample.

data for orthorhombic a-FeOOH (JCPDS No. 29-0713) (Fig. 1a). The
SEM image (Fig. 1b) shows the fibrous goethite crystals of length
150-650 nm. The UV-vis diffuse reflectance spectrum of goethite
is displayed in Fig. 2a. Goethite absorbs strongly in the ultraviolet
and visible (<590nm) regions. The band-gap energy (Eg) of
goethite is 2.19 eV, as obtained from the plot of (ahv)? vs energy
(hv) [44]. The calculated valence (Eyg) and conduction (Ecg) band
edge potentials of goethite are, respectively, 2.98 eV and 0.79 eV
vs. NHE [45].

Model fitting and analysis of variance
The BBD design with experimental and predicted results for

CRD photocatalytic degradation is given in Table 2. The experiment
consisted of 29 runs and an empirical relationship describing the

CRD degradation rate as function of the individual and interaction
contributions of variables was expressed by the following second-
order polynomial equation:

Y =80.18 + 18.12X; — 7.46X, +2.91X3 + 7.12X4 — 0.55X1 X,
—0.72X1X3 — 1.07X1 X4 — 0.57X2X3 — 1.10X,X4 + 1.13X3X4
—4.28X2 — 0.34X3 + 1.33X3 — 3.28X2

)

Where Y = CRD degradation rate (%), X; = H,O, concentration,
X, =pH, X3 =goethite dosage and X, =illumination time, respec-
tively. This semi-experimental expression of data included 15
statistically significant coefficients. Coefficients with a positive
sign represent a synergistic effect, while coefficients with a
negative sign represent an antagonistic effect among or between
variables [25]. Thus, increasing H,0, concentration, goethite

Table 2
Boe-Behnken Design arrangement and related responses.
Run Actual values of parameters Coded values of parameters Y
(CRD degradation rate %)
X4 Xa X3 X4 X1 X2 X3 X4 Actual® Predicted”

1 3 5 1 6 0 -1 0 -1 74.50 75.80
2 3 7 0.5 8 0 1 -1 0 68.90 7137
3 3 7 1 6 0 1 0 -1 63.30 63.08
4 5 6 15 8 1 0 1 0 97.30 97.53
5 1 6 1 6 -1 0 0 -1 46.60 46.31
6 3 6 1.5 10 0 0 1 1 89.00 89.38
7 3 6 0.5 6 0 0 -1 -1 68.10 69.33
8 3 6 1 8 0 0 0 0 80.00 80.18
9 3 6 1 8 0 0 0 0 80.20 80.18
10 1 7 1 8 -1 1 0 0 52.10 50.53
11 3 6 15 6 0 0 1 -1 72.40 72.89
12 3 5 15 8 0 -1 1 0 94.80 92.11
13 5 6 1 6 1 0 0 -1 87.20 84.69
14 3 7 15 8 0 1 1 0 76.00 76.04
15 1 6 0.5 8 -1 0 -1 0 57.10 55.48
16 5 6 1 10 1 0 0 1 96.70 96.77
17 1 6 15 8 -1 0 1 0 61.20 62.75
18 1 6 1 10 -1 0 0 1 60.40 62.69
19 3 6 0.5 10 0 0 -1 1 80.19 81.31
20 5 7 1 8 1 1 0 0 83.70 85.66
21 3 6 1 8 0 0 0 0 80.25 80.18
22 3 5 1 10 0 -1 0 1 93.40 92.23
23 5 6 0.5 8 1 0 -1 0 96.10 93.16
24 5 5 1 8 1 -1 0 0 98.50 101.68
25 1 5 1 8 -1 -1 0 0 64.70 64.35
26 3 6 1 8 0 0 0 0 80.23 80.18
27 3 5 0.5 8 0 -1 -1 0 85.40 85.14
28 3 6 1 8 0 0 0 80.22 80.18
29 3 7 1 10 0 1 0 1 77.80 75.11

2 Y is the actual degradation rate (%) of CRD determined by experiment.

b Y is the predictive degradation rate (%) of CRD calculated according to Eq. (2) by Design Expert V.8.0.6 software.
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Table 3
ANOVA test for response function Y (degradation rate of CRD).
Source Sum of squares Degree of Mean square F-value P-value
freedom
Model 5540.60 14 395.76 80.48 <0.0001
X1 3938.56 1 3938.56 800.91 <0.0001
X3 667.52 1 667.52 135.74 <0.0001
X3 101.56 1 101.56 20.65 0.0005
Xa 607.62 1 607.62 123.56 <0.0001
X1X3 1.21 1 1.21 0.25 0.6276
X1X3 2.10 1 2.10 0.43 0.5238
X1X4 4.62 1 4.62 0.94 0.3487
XoX3 132 1 132 0.27 0.6121
XoX4 4.84 1 4.84 0.98 0.338
X3Xy4 5.09 1 5.09 1.03 0.3265
X2 118.89 1 118.89 2418 0.0002
Xy? 0.77 1 0.77 0.16 0.6989
X3? 11.47 1 11.47 233 0.1489
X42 69.89 1 69.89 14.21 0.0021
Residual 68.85 14 4.92
Lack of Fit 68.80 10 6.88 658.42 <0.0001
Pure Error 0.04 4 0.01
R?=0.9877; R?>-Adjust=0.9755; Adeq Precision=34.72.
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Fig. 3. Diagnostic plots of normal plot of residuals (A) and predicted versus actual values (B) for the model.

dosage and illumination time positively effect CRD degradation,
while increasing pH has a negative effect. Further, the H,0,
concentration has a larger effect on the response than the
goethite dosage and illumination time, as indicated by a larger
coefficient.

Table 2 shows the combined effects of H,O, concentration (X;),
pH (X5), goethite dosage (X3) and illumination time (X,). Optimal
reaction conditions (i.e., maximum CRD degradation, 98.50%) were
as follows: H,0, concentration, 4 mmol/L; solution pH, 5.0;
goethite dosage, 1.2 g/L; illumination time, 9 h. Analysis of variance
(ANOVA) was used to test the reliability of the model used to
describe CRD removal by goethite (Table 3). All of the model
variables, X;, X, X3, X4 X;2 and X,?, were significant. The
regression F-value (80.48) implies that the model is valid, as
indicated by the P-value (<0.0001) [46]. The adequacy of the
regression models, significance of individual model coefficients
and the lack of fit were tested using the same statistical package.
The P value was used to check the significance of each coefficient,
necessary in turn to understand the possible interactions between
variables. The larger the F-value and smaller the P-value, the higher
the significance of the corresponding coefficient [47]. Based on the
F-values shown in Table 3, the order of influence on CRD
degradation efficiency is H,O, concentration (X;) >solution pH
(X3) >illumination time (X4) >goethite dosage (X3). The polyno-
mial terms, X2 and x42 were significant, x,? and x32 were not and
none of the interaction terms was significant.

The signal to noise ratio was obtained using Adeq Precision and

a value >4 is desirable [47,48]. For our results, the ratio of 34.72
implies that model predictions are reliable for navigating the
design space. The high regression coefficient (R*>=0.9877),
indicates that 98.77% of the response variability is captured by
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Fig. 4. Pareto graphic analysis for CRD degradation by goethite in the presence of
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the model [48]. The small discrepancy between R? (0.9877) and the
adjusted R? (0.9755) also indicates a good fit of the model to
experimental data. Fig. 3 showed the normal plot of residuals and
predicted vs actual values. The close distribution of the points
along the diagonal line in Fig. 3A suggests that the residuals are
normally distributed and the assumption of normality was viable.
Fig. 3B clearly shows the close relationship between experimental
and predicted response values. These two plots demonstrate that
the model is valid and reliably predicts the response to changes in
the value of an independent variable [46,48].

The importance of the variables in Eq. (2) can be shown by the
Pareto analysis, and the percentage effect of the single variable and
the interaction variables on the response (Y) can be calculated
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according to Eq. (3) [25]:

a? .
P; = <21‘12> x 100(i # 0) 3)

1

Where P; = effect (%) of each variable and q; = statistically significant
coefficients in Eq. (2).

Fig. 4 presents the Pareto graphical analysis of CRD degradation
rate, showing that the most important parameter is H,0,
concentration (X;, 68.50%), followed by solution pH (X5, 11.62%),
illumination time (X4, 10.59%) and goethite dosage (X3, 1.77%). The
total influence of interacting variables, such as the two-factor
interaction (X?) was 6.47%.

ST
SRR
e ees s

Fig. 5. 3D surface plots and contours of CRD degradation rate (%) for (A) pH vs H,0, concentration, (B) goethite dosage vs H,0, concentration, (C) illumination time vs H,O,
concentration, (D) pH vs goethite dosage, (E) pH vs illumination time, and (F) illumination time vs goethite dosage.
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3D response surface plots

Three dimensional (3D) response surface plots as a function of
two factors are more helpful in understanding the primary and
interaction effects of the two factors [49]. The interaction effects of
variables on degradation rate of CRD, within the range investigat-
ed, are visualized in the 3D plots by response surface analysis
(Fig. 5). The 3D plots show that CRD degradation is favored by high
H,0, concentration and low pH. As can be seen in Fig. 5A-C, the
degradation rate of CRD is quite sensitive to H,O, concentration,
indicating that H,O, concentration is a critical variable in CRD
photodegradation. Fig. 5A, D and E all show that an increase in pH
leads to a decrease in CRD degradation. Increasing the catalyst
dosage within the experimental range did not significantly effect
CRD degradation (Figs. 5B, D, F) because increased catalyst dosage
increases turbidity and decreases the light available for photo-
activation [50]. Increasing reaction time increases the number of
antibiotic molecules photodegraded, but results in diminishing
returns as the reaction rate also decreases with time (Fig. 5C, E, F).

Optimization, model validation and mechanism

Optimum conditions for CRD maximum removal [Note:
optimum conditions are the conditions for maximum removal,
by definition] by goethite/H,0, were obtained using the Design
Expert V.8.0.6 software package as shown in Fig. 6. The following
conditions were specified to give maximum degradation of CRD:
H,0, concentration, 4 mmol/L; solution pH, 5.0; goethite dosage,
1.2 g/L; illumination time, 9 h. The model output was tested by
carrying out photocatalytic degradation of CRD under these
conditions. CRD removal was complete (100%), as shown in the
time-stepped chromatograms of CRD recorded during the confir-
mation experiment (Fig. 7). This result is very close to the removal
extent predicted by the model (98.5%), verifying the model and its
applicability to the experimental data. Fig. 7 also indicates that
both the target compound and its degradation products were
decomposed. The Box-Behnken Design (BBD) and response
surface methodology (RSM) used in this study, known to improve
research efficiency, was here shown to be a valid method for
analyzing, simulating and optimizing photocatalytic degradation
of pollutants.

To confirm that H,0, is the primary factor affecting CRD removal,
three additional degradation trials were run under optimal
conditions for comparison with the complete system (Light/CRD/
H,0,/Goet); (1) No H,0, (Light/CRD/Goet), (2) no goethite catalyst
(Light/CRD/H,0,),(3) nolight (Dark/CRD/H,0,/Goet). The results are

1 5 0.5 1.5
H,0, concentration=4 mmol/L Goethite dosage=1.2 g/LL

5 7 6 10

Illumination time=9 h

46.6 98.5
Response=101.6

Fig. 6. Desirability ramp for numerical optimization of four independent variables,
H,0, concentraion, goethite dosage, pH, and illumination time.

Fig. 7. HPLC graphs of CRD during the photodegradation process by goethite under
the optimum conditions. (*denotes CRD peak).

£ 120 4 100
Fry
c 100 4
2 %0 | 65
g
b -
5 60 32
£ 40 -
3 9
& 20
S e
a 0¥ , ( ,
e a8 a8
N © 08 o0
& & & &
o & N &
Q ) & &
\(J -o‘é‘ o« «®
X A\ \ \
& v o O
2 & &
P
& ®

Fig. 8. Comparison of CRD degradation efficiency under different conditions.
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Fig. 9. Effects of various scavengers on the photocatalytic degradation of CRD by
goethite.
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displayed in Fig. 8. Photocatalytic degradation of CRD without H,0,
(9%) was much lower than with light-assisted H,0, oxidation (65%)
and degradation in the dark (32%) compared to photodegradation
under light (100%) shows the importance of photoactivation. These
results prove that H,O; plays a key role in the degradation of CRD by
goethite. The degradation mechanism is complex as both oxidation
and photocatalysis are involved [27]. H,0, may act as an electron
acceptor to suppress electron-hole recombination, but can also
decompose to generate the hydroxyl radical [51]. The primary
reactive oxygen species (ROS) during photocatalysis was identified
using selective scavengers: isopropanol (IPA) to scavenge the
hydroxyl radical (*OH) and benzoquinone (BQ) to scavenge the
superoxide radical (O,*"). The results, shown in Fig. 9, show clearly
that CRD degradation is inhibited by BQ and even more by IPA,
indicating that both *OH and O,°~ are involved in photodegradation
and that *OH contributes more than O,*~. However, the Ecg (+0.79 V
vs. NHE) of goethite is more positive than the reduction potential of
0, (E°(02/05°7)=-0.33V vs NHE) [52]. Oxygen cannot react with
conduction band electrons and O,°~ may be generated from the
reaction of dissolved O, with Fe?*, produced in small quantities from
goethite.

Conclusions

In this paper, the goethite/H,0, system was used to photo-
catalytically remove CRD from aqueous solutions. Software-
assisted experimental design using Box-Behnken Design with
RSM was used to determine optimal photodegradation conditions.
Degradation data was fit to a second order polynomial and used to
model the process, optimize reaction parameters and predict the
maximum degradation extent. Optimal conditions were H,0,, 4
mmol/L; pH, 5.0; goethite dosage, 1.2 g/L and illumination time, 9 h
with a predicted CRD degradation extent of 98.50%. Based on the P-
values given by ANOVA for the RSM data, the most important factor
for CRD removal was H,0, concentration and the least important
factor was goethite dosage. Pareto analysis indicated that H,O,
concentration contributed 68.5% to CRD removal. In addition, a
satisfactory goodness-of-fit was observed between the predictive
and experimental results, and both *OH and O,*~ played a role in
CRD removal. This research shows the potential of a green
photocatalytic system for CRD removal, the efficacy of software
assisted BBD/RSM design and analysis, and contributes to a better
understanding of the role that goethite plays in the transport
(adsorption) and fate (photochemical oxidation) of cephalosporin
antibiotics in the environment.
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